Abstract: The advantageous location, port clusters, strong economic strength, developed financial system, rational and orderly urban division of labor and modern industrial system of Guangdong-Hong Kong-Macao greater bay area provide sustainable driving force for innovation activities in this region. This paper selected the Gini-coefficient, first degree index and concentration index to measure the spatial pattern characteristics of innovation output in Guangdong-Hong Kong-Macao greater bay area. The results show that the innovation output presented a spatial pattern of center-periphery in the study region with Shenzhen and Guangzhou as the dual centers and engines of innovation and Dongguan and Foshan as the main innovative areas. Further empirical analysis of the impact of various factors on innovation output in the study region found that R&D expenditure, the number of R&D personnel, the level of economic development and industrial structure all have significant promoting effects on innovation output. Accordingly, this paper put forward countermeasures and suggestions to promote the innovative development of Guangdong-Hong Kong-Macao greater bay area and build a world-class scientific and technological innovation bay area.
Introduction
Based on the practical experience of bay area development, world-class bay areas often have a strong innovation system, which drives the sustainable development of economy in these areas. In terms of China's regional development strategies, innovative sustainable development is the key to building innovative regions and enhancing regional competitiveness. In July 2017, Chinese President Xi Jinping proposed the construction of Guangdong-Hong Kong-Macao greater bay area at the conference for celebrating the 20th anniversary of Hong Kong's return to China. The Guangdong-Hong Kong-Macao greater bay area will be an important engine of China's economic growth and is an inevitable choice for building a scientific and innovative bay area in China. The 2018 Global Innovation Index Report (GII), jointly published by the World Intellectual Property Organization (WIPO), Cornell University and the European Business School, shows that China has made remarkable achievements in innovation clusters, among which Shenzhen-Hong Kong ranks second in the world as a regional innovation cluster, and especially Guangdong, Hong Kong and Macau have increasingly become world-class technological innovation centers. 1 Innovation is the key driving force for the long-term and high-speed sustainable growth of regional economy [1] [2] [3] [4] [5] . The new economic growth theory holds that the progress of knowledge and technology has become an important driver for modern economic growth [6] . The role of innovation in economic growth was first noted by Joseph Schumpeter, who identified the central role of entrepreneurship and technological innovation as forces of change. He initially remarked on the role of innovative entrepreneurs and the disruptive nature of innovations [7] , and later he highlighted the relevance of R&D activities undertaken within large corporations [8] . In parallel, since the influential papers by Jaffe (1986 Jaffe ( , 1989 [9, 10] and Griliches (1990) [11] , empirical studies of knowledge production functions, conducted at the national, regional and firm levels, have provided powerful evidence of the key role of knowledge inputs (namely, R&D expenditures) in generating knowledge outputs (namely, patent intensity) at all levels of analysis [12] [13] [14] . Importantly, they have confirmed the unbalanced spatial distribution of knowledge production and have opened the debate on the geographical reach of knowledge flows, as well as on the main mechanisms and channels directing them [15] [16] [17] [18] [19] [20] [21] .
Current research on innovation mainly focuses on four aspects. One is the scientific nature of the indicators of innovation ability and the study of patents. Pavitt (1982) conducted research on innovation activities in 17 countries, industries and companies in the United States and the European Union, and found that the use of patent statistics and R&D statistics to measure innovation ability can underestimate a country's and a company's ability to innovate, respectively [22] . Acs et al. (2002) divided innovation measurement into three aspects: using R&D expenditure as a measure of innovation input, using the number of patent applications as a measure in the innovation process, and using the number of patents granted as a measure of innovation output [23] . It was found that in regional spillover model, the use of patents and innovation as a measure of technological change produce similar results. Jalles (2010) used intellectual property index and the number of patents as alternative variables to measure innovation [24] . An empirical test of panel data from 73 countries between 1980 and 2005 revealed that intellectual property index and the number of patents can better reflect the comprehensive strength of regional innovation, and when the endogenous variables remain unchanged, improving the two substitute indexes can significantly promote economic growth. Gerald (2007) showed that patent intensity, i.e., per capita invention rate, is positively related to the density of employment in the highly urbanized portion of Mas [25] . All else equal, a city with twice the employment density (jobs per square mile) of another city will exhibit a patent intensity (patents per capita) that is 20% higher. Patent intensity is the highest at an employment density of about 2200 jobs per square mile. A city with a more competitive market structure or one that is not too large (a population less than 1 million) will also show a higher patent intensity. Liu et al. (2019) analyzed the spatial dynamics of intercity technology transfer networks in China's three urban agglomerations based on patent right transaction data in 2008-2015 [26] . They found that Beijing, Shanghai, and Shenzhen are emerging as hubs in the three urban agglomerations. The spatial distributions of degree and weighted degree are significantly heterogeneous and hierarchical. The Beijing-Tianjin-Hebei agglomeration is organized in a tree network, the Yangtze River Delta features a polycentric network and the Pearl River Delta has multi-star characteristics.
The second aspect is the spatial pattern and relevance of innovation. Breschi (2000) used the patent data of the European Patent Office in 1978-1991 for regression analysis, and found that there are systematic differences in the spatial pattern of innovation among different technological classes, while there is a significant similarity between countries in the spatial pattern of innovation of each technological class [27] . Moreno (2005) explored the spatial distribution of innovation activities and the role of technology spillovers in the process of knowledge creation and diffusion in 175 regions of the European Union, and found that the distribution of innovation activities shows strong center-periphery characteristics [28] . Specifically, innovation activities are concentrated in the northern and central parts of Europe, while few or no innovation activities occur in southern Europe. However, as time goes by, this spatial pattern tends to become insignificant. Keller (2002) and Ron (2005) studied the spatial relevance of innovation activities, and found that technology spillover effect weakens as the geographic distance increases [29, 30] . Fornahl and Brenner (2009) applied different concentration measures to patent data for Germanregions, and analyzed 43 technological fields separately to identify which of these technologies tend to cluster in geographic space [31] .
Capello and Lenzi (2014) studied the static and dynamic agglomeration effects of European innovation activities, and found the higher the concentration of innovation activities, the higher the productivity of regional R&D [32] . Balland and Rigby (2017) analyzed more than two million patent records from the US Patent and Trademark Office to identify the technological structure of US metropolitan areas in terms of the patent classes in which they are most active between 1975 and 2010 [33] . They found that knowledge complexity is unevenly distributed across the US and cities with the most complex technological structures are not necessarily those with the highest rates of patenting.
The third aspect is regional innovation and the influencing factors of innovation ability. Miguelez and Moreno (2018) analyzed the relevance of variety in the case of local knowledge as well as in the case of the knowledge coming from other regions [34] . At the local level, it shows that while related variety is conducive to regional innovation, unrelated variety does play a role, too, when it comes to radical innovations. Conversely, it also shows that the higher the impact of external knowledge flows, the higher the similarity between these flows and the extant local knowledge base. Paula et al. (2018) used a longitudinal database of innovative publicly traded European companies between 1991 and 2008 to analyze the effect of the interplay between regional and sectoral dimensions in the firm-level R&D-productivity link [35] . Yueh (2009) studied the factors that influence China's innovation ability after the reform and opening up in 1979, and found that there are significant differences in the influencing factors of innovation among various regions of China [36] . In spite of this, Yueh found that the input of R&D personnel remains an important determinant of innovation output, and increase in per capita GDP tends to enhance innovation. Besides, Yueh found that foreign investment has a significant negative correlation with innovation ability in coastal areas. Varga (2014) analyzed the relationship between innovation and economic growth from a theoretical perspective, and used empirical data from 262 regions of the EU on knowledge, innovation and economic growth models [37] . The results show that the level of economic development in knowledge-intensive regions is obviously higher than that in labor-intensive regions. Therefore, innovation is a key driver of economic growth, and in turn economic growth further promotes the output of innovation. Piperopoulos (2018) studied the impact of Outward Foreign Direct Investment (OFDI) on emerging market countries and developed countries, and found that OFDI has a significant positive impact on China's emerging markets [38] .
The four aspect is innovation and geographical spillovers. Audretsch and Feldman (1996) examined the spatial distribution of innovative capacity as well as the geographic concentration of production. Their results suggest that the propensity for innovative activity to cluster is more attributable to the role of knowledge spillovers and not merely the geographic concentration of production [39] . Agusti et al. (2018) analyzed different typologies of innovation processes carried out in several geographical areas and highlighted heterogeneities of these processes, after focusing on several determinants in innovation [40] . Empirical results indicate the positive role of geographical spillovers and the importance of accurate matching among firms, in industry and with regard to regional characteristics, in order to ensure the generation of knowledge and innovation. Angela and Sara (2018) examined the influence of open-innovation strategies and knowledge spillovers on innovative performance based on a large sample of Spanish manufacturing firms during 1998-2013 [41] . Although most open-innovation strategies positively influence innovation, some differences are found depending on the innovation strategy adopted: technological collaboration with universities, providers, and external research and development (R&D) institutes have a positive effect, while collaborations with customers and competitors are not significant.
Due to its advantageous geographical location, efficient transportation system, good innovation environment and reasonable industrial structure, Guangdong-Hong Kong-Macao greater bay area, as well as its remarkable economic characteristics have become the research hotspots at home and abroad. Sujita and Rodgers (2018) assessed the degree of regional integration in the Guangdong-Hong Kong-Macau greater bay area [42] . They presented the future spatial development plans and regional cooperation initiatives for the cities in the greater bay area, and proposed strategies on how Hong Kong can more effectively integrate into the greater bay area at the economic, social and political levels. Eddie (2018) used network analysis to examine the factors affecting regional integration and spatial linkages in the Guangdong-Hong Kong-Macau greater bay area [43] . The study found that the important contribution of the formation and success of the Guangdong-Hong Kong-Macau greater bay area is the increase in transportation infrastructure and carrying capacity. Especially, high-speed railways are a key factor in promoting free movement, and strong spatial and transport connections have greatly contributed to regional integration. Li (2018) proposed that more consideration of social concerns in Guangdong province and a proper level of public participation in Hong Kong are necessary in order to avoid excessive interruptions to the pace of project procurement, and Macao may have to experience a relatively slow development of construction in order to balance the social/environmental requirements that are involved [44] . In spite of these research literatures on the Guangdong-Hong Kong-Macao greater bay area, there is little research on the innovation aspect of this region. Therefore, this paper aims to study the spatial pattern characteristics of the innovation output of the Guangdong-Hong Kong-Macao greater bay area and its influencing factors.
In sum, innovation is the decisive factor of the core competitiveness and sustainability of development of industry. The accumulation of innovative elements in Guangdong-Hong Kong-Macao greater bay area is the key to building an innovative bay area and enhancing regional competitiveness. The innovative elements include technological resources, financial resources, as well as creative entrepreneurs, engineers and other talents. The agglomeration and integration of these innovative elements have effectively promoted the emergence of innovative activities. At the same time, various industrial clusters have been formed in the Guangdong-Hong Kong-Macao greater bay area, and the geographic concentration of industries has led to an increase in scale returns and further promoted the marketization and industrialization of innovation results. As a result, an efficient and innovative system of "R&D-production-manufacture-sale-re-development" is formed and greatly promotes the prosperity and development of innovation economy in Guangdong-Hong Kong-Macao greater bay area.
Therefore, this paper took the innovation output of Guangdong-Hong Kong-Macao greater bay area as the research object, analyzed the basic environment of innovation in the study region, and investigated the spatial pattern of innovative output in the study region. In addition, by using panel data from 2000 to 2016 in the study region, this paper empirically studied the impact of various factors on the innovation output of Guangdong-Hong Kong-Macao greater bay area. Further, policy recommendations were proposed to improve the innovation capability of the study region.
The Basic Environment for Innovation in Guangdong-Hong Kong-Macao Greater Bay Area
The development of Guangdong-Hong Kong-Macao greater bay area has experienced several stages including port agglomeration, industrial agglomeration, service industry agglomeration and innovative resource agglomeration. This region shows typical economic characteristics of a bay area and export-oriented economic characteristics. It has favorable conditions for innovation activities, and these conditions include large-scale port cluster, characteristic industrial cluster and developed urban cluster. In 2017, the number of high-tech enterprises in Guangdong Province ranked first in China, reaching 19,857, among which 95.1% were in the nine cities of the Pearl River Delta. In 2017, the population in Guangdong-Hong Kong-Macao greater bay area accounted for less than 5% of China's total population, while the number of patent grants accounted for 17.6% of all patent grants of the nation. Notably, the number of PCT international patent applications in this region accounted for 56% of those in China. Guangdong-Hong Kong-Macao greater bay area has become a place where high-tech industries and creative talents concentrate, a place that has high scientific and technological strength, and a place that is an important hub of "One Belt, One Road". In order to more clearly reflect the objective conditions for innovation activities in Guangdong-Hong Kong-Macao greater bay area, we analyzed and summarized the basic environment for innovation and development in this region from three aspects including location and port conditions, economic and financial support, and urban division of labor and industrial system. The advantageous location and port clusters of the study region provide favorable conditions for its innovative development. It is located on the southeast coast of China, mainly in the Pearl River Bay area and also in Dapeng Bay area, Daya Bay area and other peripheral bay areas. It covers an area of 56,500 km 2 , accounting for 1.04% of China's land area, and consists of 9 cities in Guangdong Province (Guangzhou, Shenzhen, Zhuhai, Dongguan, Foshan, Jiangmen, Zhaoqing, Zhongshan, and Huizhou) and two special administrative regions, including Hong Kong and Macao. Therefore, it is referred to as "9 + 2". The unified planning and coordinated development of the port clusters enhances the overall economic competitiveness of the region. It has the largest seaport group and airport group in the world, mainly composed of three world-class ports in Guangzhou, Shenzhen and Hong Kong, respectively, and five major local ports in Zhuhai, Zhanjiang, Dongguan, Huizhou and Shantou, respectively. The annual throughput of containers of the seaport group is 69.647 million TEU, which is 4.5 times the total container throughput of the world's three major bays including New York's Greater Bay area, San Francisco's Greater Bay area and Tokyo's Greater Bay area. Gradually, a well-functioned port system with the three hub ports as the mainstay and the five local ports as two wings is formed.
Strong economic strength and sound financial system are the solid foundation for scientific and technological innovation and development. Guangdong-Hong Kong-Macao greater bay area is characterized by strong economic strength, which is reflected in the large number of Fortune 500 companies and innovative enterprises in this region. It plays an important role in global economic growth and is an important engine for China's economic growth. According to the economic and population statistics of the study region (Table 1) , its total GDP and per capita GDP have been increasing year by year, finally leading to that about 5% of the country's population has created more than 12% of the total economic output. The growth rate of GDP remains higher than 8% except for a few years. In 2016, the GDP of the study region reached 1.4 trillion US dollars, accounting for 12.53% of the country's total GDP. The scale of its economy is equivalent to that of Korea, the world's 11th largest economy (the total GDP is 1.4 trillion US dollars). In 2016, the per capita GDP of the study region was US$ 17,600, which was 2.16 times of China's per capita GDP. The growth rate of GDP of the study region was 9.02% in 2016, which was 2.19 times of that of the Tokyo greater bay area, 2.26 times of that of the New York greater bay area, and 2.93 times of that of the San Francisco greater bay area. Note that the proportion of the GDP of the study region in that of the country has been declining year by year, mainly because the proportion of the GDP of Hong Kong and Macao in the national GDP has been declining. In addition, the sound financial industry of the study region strongly supports its innovation and development. The study region is a gathering place for internationally renowned financial institutions, including Hong Kong-owned stock exchanges, Shenzhen Stock Exchange, Shenzhen Venture Capital Center, Guangzhou Commercial Bank Center, Macau and Zhuhai Asset Management Center, and the Nansha Commodity Futures Exchange. According to the 24th Global Financial Centers Index (GFCI24) issued by the UK Think Tank Z/YEN Group in 2018, Shenzhen's financial industry is highly competitive in terms of business environment, financial system, infrastructure, human capital, and city reputation, and it ranked 12th in the world and ranked 3rd in Hong Kong's financial industry competitiveness. In recent years, the deep integration of the financial industries in Hong Kong and Shenzhen has driven the rapid development of financial industries in other cities in the study region and enhanced the overall competitiveness of the financial industry in the study region. Rational and orderly urban division of labor and modern industrial system provide a solid guarantee for the innovation and development of the study region. The cities of the study region are all characterized by a rational division of labor and coordinated development, which is based on the polycentric and hierarchical spatial strategy that is adopted in this region. Hong Kong is the world's third largest financial center, the world's most influential trading center, and a modern service industry center. Shenzhen is an international scientific and technological innovation center, a global high-end financial industry complex, and a domestic high-tech industrial center. Guangzhou is a major hub for international shipping, aviation, electronic information technology, advanced manufacturing and biomedical health industries. Macau is a cultural exchange center dominated by entertainment and tourism and is the world's largest gaming center. Dongguan, Foshan and Zhuhai are the world's factories, with complete manufacturing industry system and high degree of industrial clustering. The industry in these three regions has gradually transformed from labor-intensive manufacturing industry to advanced and high-tech manufacturing industry. Huizhou is a place with extensive transformation of innovation results, Zhongshan is a world-class advanced manufacturing base, and Jiangmen and Zhaoqing are the hub cities connecting the outside world and the study region. Production capacity can be transferred from Guangzhou and Shenzhen to these regions. In addition, the study region has a highly developed and well-established industrial system, providing space and opportunities for the development of new and innovative industries including strategic emerging industries, advanced manufacturing industries, and modern service industries. Industrialization and informationization are highly integrated, and resources such as finance, trade and industry are efficiently allocated. This region is the main supplier of industrial goods along the "Maritime Silk Road". The modern industrial system with international competitiveness, including the new generation information technology, biotechnology, high-end equipment manufacturing, emerging materials and other industries, will provide new impetus and guarantee for the sustainable development of economy and innovation activities in the study region.
Identification of Innovation Patterns in Guangdong-Hong Kong-Macao greater bay area
Above analysis reveals that Guangdong-Hong Kong-Macao greater bay area has advantageous location, port clusters, strong economic strength, developed financial system, rational and orderly urban division of labor and modern industrial system. These advantages provide a continuous driving force for the innovation activities in the study region. Since there is significant spatial difference in the resource endowment and factor flow in the study region, the division of labor presents a specific spatial pattern and as a kind of advanced economic activity, innovation also presents a certain degree of spatial concentration and spatial dependence. Therefore, in order to fully reveal the basic characteristics of innovation activities in the study region, it is necessary to analyze their spatial distribution in this region.
Spatial Differences in Innovation Activities in Guangdong-Hong Kong-Macao greater bay area
Innovation activity is a complex process that includes the generation of ideas, product development, design, production, etc. It is difficult to accurately measure innovation activities. Scholars usually use patents, scientific papers, R&D investment, as well as R&D personnel as indicators for innovation activity measurement [45, 46] . Among them, patents are a commonly used indicator of regional innovation capability and output. This is because patents are closely related to business applications, enable easy access to data, and can comprehensively reflect the innovation and invention activities in a region. Correlation analysis also shows that there is a very close relationship between patents and innovation activities. Due to the high correlation between the number of patent applications and the amount of patents granted, the spatial distribution characteristics of innovation activities measured by using the two are not much different. This paper analyzed the spatial pattern of innovation activities in the study region in 2000-2016 by using the amount of patents granted as an indicator.
First, we comparatively analyzed the amount of patents granted in various areas of the study region. The results show that the amount of patents granted in Shenzhen was the largest, reaching 75,043 and accounting for 32.1% of the total patents granted in the study region. The amount of patents granted in Guangzhou ranked second and reached 48,313. The amount of patents granted was less than 10,000 in Zhuhai, Jiangmen, Zhaoqing, Huizhou, Hong Kong and Macao, among which Macao had the least amount of patents granted (only 179, which was less than 2.4% of that in Shenzhen). Clearly, there is significant spatial variation in innovation activities in the study region, which can be attributed to the spatial variation in factor endowments, innovation opportunities, innovation inputs, economic levels, and institutional conditions in the study region. At the same time, considering the Matthew effect of innovation, an area with strong innovation capability will gain a strong competitive advantage through innovation, which further promotes the emergence of innovation activities and the enhancement of innovation capability, thus the spatial pattern of innovation activities is continuously strengthened.
Second, we analyzed the evolution of the spatial pattern of innovation output in the study region in 2000-2016.The results (Fig. 1) 2 show that high innovation outputs were mainly in the central part of the study region, and the innovation output presented an overall spatial pattern of "center-periphery". Along with the continuously increasing number of innovations in the study region, the center cities of high innovation output changed from Guangzhou and Foshan, to Shenzhen and Foshan, to Shenzhen and Dongguan, and to Shenzhen and Guangzhou. Shenzhen and Guangzhou have gradually become two centers of high innovation output in the study region.
Finally, we measured the spatial differences in the innovation activities among cities in the study region. Lim (2003) [47] used the US patent grants from 1990 to 1999 to calculate the location Gini-coefficient and the Moran's I index. The study found that the US innovation activities are highly concentrated in a few metropolitan areas, and there is a clear positive spatial autocorrelation.
We calculated the absolute Gini coefficient of the granted patent amount in the study region. The calculation formula is as follows. greater the value of G , the greater the spatial difference in innovation activities. The results (Fig. 2) 3 reveal that from 2000 to 2016, the Gini coefficient of innovation in the study region fluctuated between 0.4 and 0.6, which indicates that there is significant spatial difference in the innovation activities among the various areas of the study region. 
Typical Characteristics of the Innovation Pattern in Guangdong-Hong Kong-Macao Greater Bay Area
Based on above analysis, the spatial pattern characteristics of innovation activities in the study region were further analyzed. The primacy ratio index proposed by Jefferson (1939) was used here to analyze innovation activities [48] . The primacy ratio index measures the ratio of the primacy area to other areas. Therefore, the contrast between the center and the periphery can be quantitatively depicted. It is one of the important indicators for measuring the characteristics of spatial distribution pattern. The formula for calculating the primacy ratio index is as follows.
where S is the primacy ratio index, 1
Y is the amount of innovation activities in the primacy region, and 2
Y is the amount of innovation activities in the secondary region. The results (Fig. 3) reveal that from 2000 to 2016, the primacy ratio index of innovation activities in the study region fluctuated between 1 and 3 and presented an overall upward trend, indicating that the innovation activities were not highly concentrated in a single central city in the study region. Taking 2016 as an example, as the primacy city for innovation activities in the study region, Shenzhen presented 75,043 granted patents, accounting for 32.1% of the total patents granted in the study region. 
where n CR is the concentration index of the first n-bit region and i S is the ratio of the value of i th sample to that of the total region. The results are shown in Fig. 4 . When 2 n  , the concentration index of the study region exceeded 50% after 2004. When 4 n  , the innovation outputs were mainly concentrated in Shenzhen, Guangzhou, Foshan and Dongguan, and the total innovation outputs of the four cities accounted for about 80% of the total innovation output of the study region. Since 2012, the innovation output of some primary regions has supported the development of innovation activities across the whole study region. Shenzhen and Guangzhou are as the centers of innovation and rely on their rich innovation resources and knowledge spillover effect to drive the continuous improvement of the innovation output level of small cities such as Foshan and Dongguan. In addition, innovation activities not only have the characteristics of spatial agglomeration, but also have spatial relevance and spatial spillover effect. In order to explain the relationship between innovation activities in different areas of the study region, it is necessary to measure the spatial correlation of innovation activities in this region. Yang (2016) used Moran's Ⅰ index to evaluate the spatial correlation and dependence of innovation output in the study region [49] . The specific calculation formula is as follows.

  W is the spatial weight matrix. In this paper, the Moran's I index was calculated for the patent grant amount and the patent grant amount per 100,000 people, and the calculation results are shown in Table 2 . From 2000 to 2016, the overall Moran's I indexes of the two indicators in Guangdong-Hong Kong-Macau greater bay area were lower than 0, and the P values did not pass the 10% significance test. Here, the prefecture-level cities were taken as the geographical units for research and at this spatial scale the innovation activities do not show obvious spatial dependence. In the study region, not every city has a strong innovation ability. The study region has a long-term developed spatial structure of innovation activities with Shenzhen and Guangzhou as the dual centers. Due to polarization effect, the spillover effects of the two centers are relatively weak, which leads to the insignificant global Moran's I index of innovation in Guangdong-Hong Kong-Macau greater bay area. Data source: GIS 10.3 software calculates that 1 and 2 are the measurement results of the patent grant amount and the patent grant amount per 100,000, respectively.
In sum, the innovation pattern of the study region presents a multi-center network structure with Shenzhen and Guangzhou as dual centers and engines of innovation, and Dongguan and Foshan as the main regions of innovation. Overall, the innovation activities generally show a spatial pattern of "center-periphery". Innovation activities have certain dependence on knowledge, talents, culture and institutions, and the spatial aggregation of these innovative elements is obvious. Their accumulation can facilitate communication and mutual learning between subjects, and promote technological innovation, progress and diffusion. On the other hand, the innovation gap between cities in the study region continues to expand due to the spatial accumulation of innovative elements. Nonetheless, innovative elements such as knowledge and technology will overflow from the primary city with high level of innovation to neighboring cities with low level of innovation, thus the level of innovation in the neighboring cities will be significantly enhanced. On the basis of the division of labor and cooperation among cities in the study region, the transformation and diffusion of innovation results have been accelerating, and the process of regional economic integration driven by innovation and development has been promoted.
Analysis of Influencing Factors of Innovation Output in Guangdong-Hong Kong-Macao Greater Bay Area

Model Construction and Variable Selection
Innovation, as a high-level economic activity, belongs to the category of knowledge economy. This paper draws on the knowledge production function proposed by Criliches (1998) to analyze the main factors affecting the innovation output of Guangdong-Hong Kong-Macao greater bay area [50] . Specifically, the knowledge production function formula is as follows.
where Y is the innovation output, K is the innovation investment, L is the number of innovators, Z is other economic factor that affects innovation output, and α, β and γ are corresponding elastic coefficients. By logarithmically transforming formula (5), we can obtain an empirical model as follows (Considering the availability of data and the stability of the model, this paper did not include Macao in the analysis of the panel data model. The data come from the China Intellectual Property Office, Guangdong Statistical Yearbook, and Hong Kong Statistical Yearbook.)
Here, we chose the number of patents granted to measure innovation output (Y), total R&D expenditures to measure innovation investment (K), and number of R&D personnel to measure the number of innovators (L). Total R&D expenditures include government R&D funding, R&D funding for universities and research institutions, and corporate R&D funding. At the same time, we chose economic development level, industrial structure and foreign direct investment as other influencing factors of innovation output. Kaldor (1975) proposed that invisible knowledge is geographically sticky, the benefits of technological advances usually remain local, and the growth of regional economy and the improvement of innovation level are related in a causal cycle [51] . Du (2018) put forward that the dominant tendencies of innovation patents in different industries are different, and with the upgrading of regional industrial structure and the deepening of industrial division of labor, the tertiary industry has often become the main driving force for regional innovation and development [52] . Piperopoulos (2018) thought that foreign direct investment can help regions and enterprises to integrate innovation resources at home and abroad through conceptual learning, thereby enhancing innovation performance. He proposed that OFDI is a key mechanism for learning and developing innovative skills in backward regions around the world [38] . Therefore, per capita GDP (pgdp) was selected here to measure regional economic development level, tertiary industry ratio (ser) was selected to measure industrial structure, and per capita foreign direct investment (pfdi) was selected to measure foreign direct investment.
Descriptive statistics and correlation analysis of variables
This paper took 10 prefecture-level cities in the Guangdong-Hong Kong-Macao greater bay area as research objects. The time span of data was from 2000 to 2016, and the patent grant data and economic data came from the China Intellectual Property Office, Guangdong Statistical Yearbook, Hong Kong Statistical Yearbook and Macao Statistical Yearbook. The amount of patents granted was as the explained variable (Y). The explanatory variables included total R&D expenditure (K), the number of R&D personnel (L), per capita GDP (pgdp), tertiary industry ratio (ser), and per capita foreign direct investment (pfdi). Based on the descriptive statistics of the variables (Table 3) , we found that there exists large difference in the individual values of the variables. For example, the minimum value of innovation output was 4.42 and the maximum value was 11.23, which is 2.5 times the minimum value. The minimum tertiary industry ratio was 27.7% and the maximum ratio was 93.1%, which is 3.4 times the minimum ratio. In Guangdong-Hong Kong-Macao greater bay area, the economic development levels of Dongguan, Foshan, Zhuhai, Jiangmen, Zhaoqing, Huizhou and Zhongshan are relatively lower than those of developed regions such as Hong Kong, Guangzhou and Shenzhen. Therefore, it is reasonable that there exists great difference in the tertiary industry ratio between different cities.
In order to better examine the relationship between variables, the correlations between the explained variable and all explanatory variables were analyzed to obtain the correlation coefficients (Table 4) . Table 4 shows that the patent grant amount was positively correlated with the tertiary industry ratio (ser), per capita GDP (lnpgdp), R&D expenditure (lnrde), and the number of R&D personnel (lnrdp), and the correlation coefficients were 0.1543, 0.6173, 0.8280, and 0.8824, respectively. The results indicate that innovation input (fund and personnel), economic development level and industrial structure have strong positive influence on innovation output. Notably, patent grant amount was negatively correlated with per capita foreign direct investment (lnfdi) and the correlation coefficient was -0.0979. Normally, foreign direct investment is supposed to bring technological spillover effects to local companies through demonstration effects, competition and transnational personnel. Technological advances can be brought about through channels such as staff training and mobility, and finally the number of patent grants can increase. However, with the rapid economic growth of the study region, the gap between the technological innovation capabilities of local and FDI companies has been gradually narrowed. The mode of innovation in the study region has changed from imitation and learning to independent innovation. With the continuous increase in foreign direct investment in the study region, the competition between local and FDI enterprises has been further aggravated. Local enterprises have to maintain profits by reducing R&D investment, which has inhibited innovation in the study region. Therefore, the amount of patents granted shows a negative correlation with per capita foreign direct investment.
4.3Analysis of Regression Results
A panel data model was established to empirically analyze the impact of innovation investment, number of innovators, economic development level, industrial structure and foreign direct investment on the innovation output of the study region. The panel data model can solve the problem of missing variables caused by individual heterogeneity and can fully reveal the effect of each independent variable on the dependent variable. In order to test the model form, the individual effect test was first performed on the panel data model. The F-statistic of the fixed-effects model was 62.99, which significantly rejects the null hypothesis that there is no individual effect. The open-statistic model had a statistic of 468.91, which also significantly rejects the null hypothesis that there is no individual effect. Second, the Hausman test was performed, and the statistic of the opening was 33.33, which significantly rejects the random effects model. Therefore, the fixed effects model was selected for use. Note: ***, ** and * indicate that the significance test of 1%, 5% and 10% is passed, and the standard deviation is in brackets.
According to the regression results (Table 5) , the coefficient of R&D expenditure (lnK) was found to be 0.406 and passed the 1% significance level test. This indicates that R&D expenditure has a significant positive impact on innovation output in the study region. When other conditions remain unchanged, the innovation output level increases by 0.406% with every 1% increase in R&D expenditure. Shenzhen's higher level of innovation output is closely related to its high R&D expenditure, which increased from 373 million US dollars in 2000 to 114.42 billion US dollars in 2016, with an increase of 30.74 times. The number of patents granted in Shenzhen increased from 2,401 in 2000 to 75,043 in 2016, with an increase of 31.3 times. As one of the key factors affecting basic innovation and integrated innovation, R&D expenditure has a decisive influence on the level of innovation output.
The coefficient of R&D personnel (lnL) was 0.159 and passed the 10% significance level test. When other conditions remain unchanged, the level of innovation output increases by 0.159% with every 1% increase in the number of R&D personnel. R&D personnel has an important influence on the level of innovation output. Increasing the number of R&D personnel can increase the quantity and quality of innovation output. This empirical result is consistent with Liu's study (2012) on the factors affecting regional innovation capability in Guangdong Province [53] .
The coefficient of per capita GDP (lnpgdp) was 0.808 and passed the 1% significance level test. This indicates that economic development level has a significant positive impact on innovation output. When other conditions remain unchanged, the level of innovation output increases by 0.808% with every 1% increase in per capita GDP. A higher level of economic development means more material support and financial guarantee for innovation activities, and thus promote innovation output. The regions with higher economic development levels tend to have higher resource allocation capabilities and the efficiency of innovation output is thus improved. This is consistent with Du's research (2018) on the innovation capabilities of China's three major urban agglomerations [52] .
The coefficient of tertiary industry ratio was 0.0245 and passed the 1% significance level test. This indicates that industrial structure has a significant positive impact on innovation output. When other conditions remain unchanged, the level of innovation output increases by 0.0245% with every 1% increase in tertiary industry ratio. Because the dominant tendencies of innovation patents in different industries are different, with the upgrading of regional industrial structure and the deepening of industrial division of labor, the tertiary industry often becomes the main driving force for regional innovation and development, indicating that the empirical analysis results are consistent with expectations.
The impact of per capita foreign direct investment on the number of patents granted is not significant, indicating that increasing foreign direct investment cannot significantly improve innovation output in the study region. The reasons are as follows. First, the FDI enterprises in Guangdong Province are mainly labor-intensive enterprises, while high-tech FDI enterprises are few. Only simple processing and assembly work is completed in the study region. Therefore, it is difficult to obtain advanced high tech. Second, the entrance of FDI enterprises into the market of the study region will intensify the competition between domestic enterprises and foreign enterprises. In order to maintain the original market share, local enterprises in the study region will reduce investment in research and development to maintain profits and innovation is curbed. Third, with the rapid development of China's economy, the gap between China and foreign countries in high and new technologies is becoming smaller and smaller. The innovation mode has gradually transformed from imitation and learning to independent innovation, and the space for improving innovation level through foreign direct investment is gradually reduced. Therefore, foreign direct investment has no significant effect on the innovation output of the study region and Guangdong-Hong Kong-Macao greater bay area should still further strengthen its independent innovation capability.
Research Conclusions and Policy Recommendations
This paper analyzed the basic environment for innovation, the spatial pattern of innovation output and its influencing factors in the Guangdong-Hong Kong-Macao greater bay area based on the number of patents granted in 11 cities in 2000-2016 in the study region. The following conclusions were drawn. First, the study region has advantageous location, port clusters, strong economic strength, developed financial system, rational and orderly urban division of labor and modern industrial system. These resource advantages provide a continuous driving force for innovation activities in the study region. Second, there is significant spatial variation in innovation output level in the study region. The distribution of innovation output shows a multi-center network structure with Shenzhen and Guangzhou as dual centers and engines of innovation and Dongguan and Foshan as the main regions of innovation. Third, R&D expenditure and personnel, economic development level and industrial structure can significantly and positively affect the level of innovation output in the study region, but the role of foreign direct investment is not significant.
Based on the above research conclusions and combined with the innovation and development of the study region, the following countermeasures and suggestions have been proposed for further improving its overall innovation capability:
First, investment in science and technology innovation should be increased in order to comprehensively enhance innovation capability and output. Specifically, government should increase fiscal expenditure on science and technology research and development, provide adequate financial guarantee for universities, scientific research institutions and enterprises, as well as encourage the technological innovation of venture capital institutions and their investment in entrepreneurship and innovation. In addition, talent training and attraction of talents to the study region should be strengthened. It is necessary to strengthen the training of talents in higher education institutions, establish and improve joint training in universities and enterprises, pay attention to the training strategy of high-tech, highly-skilled and applied talents, and encourage innovative talents to participate in training and communication. By continuously optimizing the high-level talent projects, the Guangdong-Hong Kong-Macao greater bay area will attract high-level innovative talents from home and abroad.
Second, regional innovation environment should be optimized and the independent innovation capability of the study region should be strengthened. Intellectual property protection mechanism should be improved to stimulate the enthusiasm and creativity of innovative personnel. In addition, government should encourage enterprises to increase investment in R&D through fiscal and tax incentives, enhance their independent innovation capabilities, and enhance their core competitiveness. Finally, an innovation service system should be established, a reasonable assessment of the possible technology spillover effect of primary region to surrounding regions should be performed, the barriers of administrative division should be broken and the flow of innovation elements should be promoted to realize collaborative innovation between cities and surrounding regions. Therefore, the innovation quantity and quality of the study region can be enhanced.
Third, an efficient cooperation mechanism for production, education and research should be established and highly educated and highly skilled personnel should be encouraged to carry out R&D work. The government should strengthen the cooperation and links between the various subjects of technological innovation and integrate various technological innovation resources. An innovation management organization and innovation governance system should be established across the Guangdong-Hong Kong-Macao greater bay area. In terms of knowledge innovation, the role of key laboratories and research centers at universities and research institutions should receive
